Autoantibodies against SCLC-associated neuronal antigen ELAVL4 (HuD) have been linked to smaller tumors and improved survival, but the antigenic epitope and mechanism of autoimmunity have never been solved. We report that recombinant human ELAVL4 protein incubated under physiological conditions acquires isoaspartylation, a type of immunogenic protein damage. Specifically, the N-terminal region of ELAVL4, previously implicated in SCLC-associated autoimmunity, undergoes isoaspartylation in vitro, is recognized by sera from anti-ELAVL4 positive SCLC patients and is highly immunogenic in subcutaneously injected mice and in vitro stimulated human lymphocytes. Our data suggest that isoaspartylated ELAVL4 is the trigger for the SCLC-associated anti-ELAVL4 autoimmune response.
Introduction
Small cell lung cancer (SCLC) is the most aggressive lung cancer subtype, with an overall 5-year survival of only 6% (Howlader et al., 2013) . Aside from prophylactic cranial irradiation to limit brain metastases, there have been no meaningful therapeutic advances in three decades (Kalemkerian, 2014) . The existence of multiple SCLC-associated autoimmune syndromes suggests an interplay between SCLC and the immune system. SCLC patients with autoimmune syndromes exhibit high titer antibodies against neuronal proteins ectopically expressed by their tumors and can show regression (Dalmau et al., 1992; Winter et al., 1993; Darnell and DeAngelis, 1993; Graus et al., 1997; Honnorat et al., 2009; Kobayashi et al., 2007; Kazarian and Laird-Offringa, 2011) . Although the high titer patients are rare, the characteristic autoantibodies are found in a substantial fraction of SCLC patients without autoimmune symptoms, albeit at lower titers (Graus et al., 1997; Kazarian and Laird-Offringa, 2011; Dalmau et al., 1990) . Thus, while an immune response is relatively common, it does not usually progress to a paraneoplastic disease. Autoantibodies in SCLC patients have been associated with improved survival, suggesting that the immune response could be harnessed therapeutically. Understanding the mechanism triggering SCLC-associated immune responses may provide new tools for SCLC detection, diagnosis and new treatments, such as immunotherapy (Kazarian and Laird-Offringa, 2011).
One well-known family of proteins that can become self-antigens in SCLC is that of the neuronal embryonic lethal altered visual system-like (ELAVL) RNA-binding proteins (formerly "Hu" proteins), which are expressed in every SCLC, but not in non-SCLC (Manley et al., 1995) . Antibodies to neuronal ELAVL correlate with improved survival of SCLC patients (Graus et al., 1997) . Furthermore, in patients with full-blown anti-ELAVL autoimmune disease (paraneoplastic encephalomyelitis/sensory neuropathy, or PEM/SN), the tumors are often small and localized (Dalmau et al., 1992) . Of the neuronal ELAVL proteins, tumors most commonly express ELAVL4 (HuD) (Manley et al., 1995) . The highly homologous ELAVL2 (HuB/Hel-N1) and ELAVL3 (HuC) are also neuronal, while the less conserved ELAVL1 (HuR) is ubiquitously expressed. Although b 1% of SCLC patients develop high titer anti-ELAVL antibodies and exhibit PEM/SN, lower titer antibodies are seen in about 15-20% of SCLC patients without autoimmune symptoms (Graus et al., 1997; Kazarian and Laird-Offringa, 2011; Dalmau et al., 1990) . How this immune response develops remains in question. There is little evidence Journal of Neuroimmunology 299 (2016) 70-78 
